We report the first measurements on the quantitative partitioning of water between its molecular and dissociated forms at a gas-metal interface under elevated water pressures and temperatures. By means of synchrotron-based in-situ photoelectron spectroscopy, mixed H 2 O and OH phases on Cu(110) at H 2 O pressures up to 1 Torr in the 275 -520 K temperature range are studied. In increasing order of stability three phases with H 2 O:OH ratios of 2:1, 1:1 and 0:1 were observed. It was found that surprisingly large quantities of molecular water are present on the surface up to 428 K in 1 Torr H 2 O. A detailed comparison with previous ultra-high vacuum (UHV) studies shows that the observed species, phases and chemical kinetics under UHV compare very well with our results at elevated pressures and temperatures. The stability of the hydrogen-bonded H 2 O-OH complex at the surface, and its influence on the adsorption-desorption and dissociation kinetics, constitutes the essential link between our results and those obtained under UHV conditions.
Introduction
Probing the coverage, chemical speciation and phases of molecules at surfaces under realistic thermodynamic conditions is of fundamental interest in the fields of molecular environmental science, corrosion, heterogeneous catalysis and fuel cell technology. Water on metal surfaces is one of the most studied adsorption cases since the establishment of modern surface science some 25 years ago, 1,2 and a great deal has been learnt from such traditional surface science work performed under ultra-high vacuum (UHV) conditions. However, the question is how such UHV studies extrapolate towards ambient and technologically relevant conditions. This is a fundamental question that concerns the ability of the surface science approach to predict gas-surface reactions at elevated pressures. To date, no quantitative coverage determinations exist for water and the intermediates OH and O at any gas-metal interface under equilibrium conditions at near-ambient water partial pressures. Here we report the first such results on the water and hydroxyl chemistry on Cu(110) which is of relevance from a technological viewpoint in both the water-gas shift (WGS) reaction 3 and methanol synthesis. 4 A detailed comparison with previous UHV work is performed.
Under UHV conditions and low temperatures (≤ 150 K) water is found to adsorb molecularly intact on clean Cu(110), 5 forming long chains along [001]; these chains are believed to consist of a zigzag arrangement of water hexamers. 6 At higher coverage these chains aggregate into a 2D structure which shows a periodicity along [ 0 1 1 ] . The 2D periodic structure has a 7 × 8 repeat unit cell at monolayer coverage where half of the water molecules are adsorbed in an oxygen-down configuration and the other half are in a mixed H-down and H-up configuration (~2:1 ratio). 7 This intact monolayer desorbs at around 170 K in kinetic competition with dissociation, 5 forming mixed H 2 O:OH phases. The activation energy for desorption is ~0.52 eV, 5 which is in good agreement with the calculated energy of adsorption. 7, 8 The experimentally determined activation barrier for dissociation is close to 0.55 eV 5 which compares very well with recent theoretical results finding a dissociation barrier of 0.57 eV. 8 Note that the activation barriers reported in Ref 5 are for water in the 2-dimensional H 2 O-H 2 O H-bonding intact monolayer. For a water monomer the adsorption energy is significantly lower (by 0.18 eV) 8 while the barrier for dissociation is significantly larger (by 0.3 to 0.4 eV). 5, 8, 9 Thus, already under UHV conditions the impact on kinetic barriers by lateral H-bonding interactions is apparent.
The mixed H 2 O:OH phases on Cu(110) under UHV conditions can be generated thermally, by X-ray and electron-induced damage, by co-adsorption of H 2 patterns of c(2×2) 7,10,11 and p(2×1) 10,11,16 symmetry, respectively. Above 235 K only a pure OH phase with a p(2×1) LEED pattern exists. [10] [11] [12] [13] [14] 16 This phase decomposes near 290 K via an OH recombination mechanism in which water desorbs (OH ads + OH ads H 2 O gas + O ads ), 10 leaving behind an atomic O coverage half that of the initial OH coverage in the pure OH phase.
To obtain quantitative insights into the water chemistry at elevated pressures and temperatures on metal surfaces, we have studied the water and hydroxyl chemistry on Cu(110) at near ambient conditions using X-ray photoelectron spectroscopy (XPS). XPS simultaneously allows for quantitative analysis and differentiation of chemical species. Early studies of the O 2 /Ag-system proved the feasibility of recording XPS at pressures of about 1 Torr exploiting the large surface-induced core level binding energy shift to isolate contributions from surface-adsorbed species. 18, 19 With advances in instrumentation coupled with the use of third-generation synchrotron radiation facilities the applicability of ambient pressure XPS has been expanded significantly. 20, 21 We find a remarkably high coverage of water in mixed H 2 O:OH phases on Cu(110) under near ambient partial pressures, which highlights the great importance of the strong hydrogen bond between H 2 O and OH and lateral adsorbate-adsorbate Hbonding interactions at surfaces in general.
Experimental Section
Experiments were performed in the ambient pressure photoemission spectroscopy (APPES) endstation at the undulator beamline 11.0.2 at the Advanced Light Source (Berkeley, USA). The APPES endstation consists of two inter-connected UHV chambers, one for standard surface preparation/characterization and the other dedicated to XPS at near ambient pressures. 21 The two separate vacuum chambers have a base pressure of about 2 × 10 -10 Torr. The electron spectrometer is a Specs Phoibos 150 with a custom-designed differentially-pumped electron lens. O 1s XPS spectra were recorded with a total energy resolution on the order of 350 meV.
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The Cu(110) crystal was cleaned by cycles of Ar + -sputtering and annealing to 850 K until a sharp 1×1
LEED pattern was observed. The temperature of the sample was monitored by a K-type (chromelalumel) thermocouple located inside a special pocket of the sample for good thermal contact. The Milli-Q water (H 2 O, T = 295 K) used was cleaned by multiple freeze-pump-thaw cycles and finally by distillation right before introduction into the experimental chamber.
The surface cleanliness before water adsorption was ≤ 0. As discussed in Ref 5 X-ray/electron-induced dissociation of H 2 O always has to be considered when using X-rays or electrons as probes. The estimated photon-flux at 735 eV, used for the O 1s XPS studies, is 4 × 10 14 -3 × 10 15 photons s -1 cm -2 and the total electron yield (TEY) per photon at this photon energy is 0.035 using previously reported TEY for Cu(111). 24 We estimate the X-ray-induced electron dose during acquisition of an O 1s XPS spectrum to be 0.13 -1.0 mC cm -2 , which is a significant amount. 5 To exclude beam-damage effects, we investigated water dissociation in the absence of the X-ray beam by introducing water up to pressures of 1 Torr followed by evacuation of H 2 O from the chamber down to ~1 × 10 -7 Torr and then recording the spectra. Similar to XPS measurements at near ambient pressures, large amounts of dissociation products (OH or O depending on sample temperature below or above 290 K) were observed. The formation rate of dissociation products at 1 × 10 -7 Torr was negligible compared to high pressure exposures and we may thus conclude that water dissociation on Cu(110) occurred at similar rates whether or not X-rays were present during water dosing. Further evidence that X-ray/electron induced dissociation of water, and possible O 2contamination in the water vapor, did not influence our results comes from comparative studies with Cu(111) where no dissociation products could be observed on the surface in XPS measurements at 1 6 Torr H 2 O. 25 We are thus confident to claim that the results presented here are not affected by Xray/electron-induced dissociation.
Results and discussion

Chemical species and phases from assignments of observed XPS peaks
In order to establish a correlation between our results and those obtained in earlier UHV studies we start by comparing XPS spectroscopic characteristics. This leads to the assignment of our observed XPS peaks under near ambient conditions to specific surface species and to their phases.
In Fig. 1 Fig. 4 . As predicted from an OH recombination mechanism (OH ads + OH ads H 2 O gas + O ads ), a perfect 2:1 ratio was obtained between the peak areas of the initial species with 530.45 eV binding energy, to that of the final species at 529.75 eV binding energy. These findings confirm the assignment of the species producing the 530.45 eV peak to non-hydrogen-bonded OH on Cu(110), and we therefore use the notation OH pure for this OH species hereafter. We summarize the chemical species and phases from assignments of all observed XPS peaks in Table 1 . 26 On the whole, there is a close correspondence between our results and previous UHV studies regarding XPS binding energies, and hence very likely local bonding configurations, of H 2 O and OH on Cu(110).
Coverages, relative stabilities and formation kinetics of observed phases
Having established the surface phases under near ambient conditions in the previous section, we will now discuss their further characteristics in terms of coverage and relative stability. Furthermore, the kinetics of OH and O formation are discussed.
For all investigated situations the maximum total surface coverage observed in the 2:1 ratio H 2 O:OH phase stays close to 1 ML (± 10 %) which is also the saturation coverage observed for the molecularly intact water wetting-layer on Cu(110) under UHV conditions. 5 On the other hand, the maximum coverage observed for the 1:1 ratio H 2 O:OH phase is 0.84 ML (Fig 2) 1f and Fig 2) . To understand how far removed this condition is from onset of multilayer condensation of water on the surface (the dew point), we calculate the relative humidity (RH) defined as
where p V is the equilibrium vapor pressure over water at a given temperature T. We come to a RH as low as 1 × 10 -2 % for 1 Torr H 2 O at 428 K; the dew point corresponds to 100 % RH.
We find the maximum amount of adsorbed OH to be 0.42 ML (see Fig 1d and Fig 2) With respect to atomic O, possibly very small amounts are present at the highest temperatures of 498 K and 518 K in the 1 Torr data (Fig 1i and 1j) . The peak areas of atomic O in these spectra from peakfitting analysis correspond to 0.01 ML and 0.02 ML. However, it is beyond our experimental sensitivity to claim these amounts to be statistically significant and they are therefore not included in the decomposition in Fig. 2 . However, at water partial pressures ≤ 1 × 10 -4 Torr and temperatures above 300 In Fig 1 and 2 we observe that for T > 400 K the OH (OH wmix + OH pure ) coverage is well below its saturation coverage of about 0.33 ML. Based on the OH coverage and the time during which the sample is exposed to 1 Torr H 2 O before completion of the XPS spectrum (60 s) the dissociation probability per H 2 O collision with the surface (P diss ) can be calculated. Whether P diss obtained in this way represents an absolute value or a lower limit depends on if the observed total OH coverage at a specific temperature is the result of limitations on H 2 O dissociation rate or simply represents a thermodynamic equilibrium.
Resolving this issue would have required time-resolved results, i.e. sequential spectra, which unfortunately at 1 Torr was not a reliable approach due to surface contamination problems in spectra beyond the first. Irrespective of the actual situation, i.e. whether the obtained P diss at 1 Torr is an absolute value or possibly only a lower limit, we show that our results when compared to earlier work 5, 9 are fully consistent with an auto-catalytic role of water in water dissociation. In the temperature range 470 -520 K where water coverage is very low (<< 0.03 ML) we find P diss to be ≥ 2 -5 × 10 -9 whereas a significantly larger lower limit, P diss ≥ 1.5 × 10 -8 , is obtained in the temperature range 275 -380 K where the water coverage is high (0.8-0.2 ML). From experiments with exposures to 1 × 10 -2 and 0.1 Torr (Fig 3 and 4) we established P diss to be as high as 1 -5 × 10 -7 near 285 K; it could even be higher in 1 Torr at this temperature. Our results at 470-520 K (P diss ≥ 2 -5 × 10 -9 ) compare well with prior measurements by Nakamura et al. 9 (P diss = 5 -50 × 10 -9 ). However, compared to the expected P diss value of about 5 × 10 -12 near 285 K arrived at by extrapolation from the 473 K ≤ T ≤ 653 K data obtained at very low water coverage by Nakamura et al., 9 our value obtained at high water coverage (P diss ≥ 5 × 10 -7 ) is five orders of magnitude larger. These findings are in complete agreement with an auto-catalytic role of water in water dissociation on Cu(110) as observed in a previous UHV study. 5 Auto-catalytic water dissociation on Cu(110) is also supported by recent theoretical calculations, 8 and is discussed in more detail elsewhere. 27 These UHV results could explain why the equilibrium is strongly shifted towards OH under our experimental conditions. Small levels of contaminants in the chamber (mainly CO and CO 2 , measured to be ≤ 0.1 % by gas-sampling and mass spectrometry analysis) may also affect the atomic O, and possibly OH, coverage by reacting with these water dissociation fragments at a noticeable rate above 400 K and the products leaving the surface. However, as mentioned earlier, our results on water dissociation kinetics in the 470 -520 K range on Cu(110) in 1
Torr H 2 O, discussed here and more so elsewhere, 27 are in good agreement with earlier results by Nakamura et al., 9 indicating that the level of possible contaminants in our system has at most only a small impact on our results.
Comparison of observed water and hydroxyl surface phases to those observed under UHV conditions
Here we will compare our near ambient pressure results to the observed water and hydroxyl surface phases on Cu(110) under UHV conditions. The phases will be discussed in their relative order of stability.
OH pure adsorption and the Cu(110) surface
The p(2×1)-LEED OH pure phases on both Cu(110) 14 and Ni(110) 28 
The 1:1 H 2 O:OH phase
The 
The 2:1 H 2 O:OH phase
It is evident from TDS 10,14 and XPS 12, 16 under UHV that compared to the 1:1 phase discussed above, the c(2×2) mixed H 2 O:OH phase contains significantly more H 2 O which also is less tightly bound at the surface. Consistent with these observations and our findings discussed in Section 3.2., the 2: 
Stability of the H 2 O-OH complex
So far we have not yet provided an explanation for the surprisingly high coverages of H 2 O on Cu(110) under the investigated conditions. Based on the UHV studies discussed in the Introduction it is essential to account for the proper H-bonding interactions and energetics when considering kinetic barriers. Here we assess the kinetic information available from previous UHV work, focusing on the 1:1 H 2 O:OH phase on Cu(110) from which water desorbs near 235 K in UHV leaving OH pure on the surface.
A quantitative comparison is made to our near ambient pressure results and the importance of adsorbed OH as anchoring and clustering site for H 2 O is discussed.
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The peak desorption temperature of H 2 O under UHV from the 1:1 H 2 O:OH phase at 235 K shows very small to no coverage dependence 10,14,15 (unless high initial coverages of atomic O [> 0.15 ML] are pre-adsorbed on Cu(110)) 10 which validates the assumption of first-order desorption kinetics. Based on the TDS data 10 the activation barrier for desorption can be calculated 30 using the experimentally determined range for the pre-exponential factor (υ) for H 2 O of 10 15 ± 1 s -1 . [31] [32] [33] The 235 K H 2 O TDS-peak leads to an activation barrier for desorption of 0.18 ± 0.01 eV (for υ = 10 15±1 s -1 ) higher than that from the molecularly intact monolayer (T des = 175 K) 10 (Fig. 1f and Fig. 2 ), we calculate a H 2 O desorption rate of 1.4 -13 × 10 5 ML s -1 as obtained from the first-order Polanyi-Wigner equation. 36 This result is in very good agreement with the actual impingement rate for H 2 O of 4.3 × 10 5 ML s -1 at 1 Torr. 37 Equally good agreement is reached for the data at T = 378 K and P = 1 Torr (Fig 1e and Fig 2) . These comparisons show that the UHV results extrapolated to elevated pressures and temperatures are in very good quantitative agreement with our experimental observations on adsorption-desorption equilibrium kinetics. Furthermore, they prove that the H-bonding interaction between H 2 O and OH is responsible for the observed kinetics and unexpectedly high H 2 O coverages.
Assuming that the adsorption energy of water closely corresponds to the activation barrier for desorption (E ads ~ -E a des ), which is the case for the intact monolayer, 5 
Conclusions
The quantitative partitioning of water between its molecular and dissociated forms on a metal surface at elevated temperatures and pressures has been explored. at moderate temperatures but also shows that in order to fully account for the range of observed water chemistry in our study it is of utmost importance to take into account the proper lateral H-bonding interactions.
The results are of general importance to gas-surface reactions involving not only water on Cu(110). stemming from H-bonding interactions, is thus an integral part of water and hydroxyl chemistry at surfaces. the text. The spectra are normalized with respect to coverage and the result from a least-square peakfitting procedure, after Shirley background subtraction and using the components listed in Table 1, is shown as a thin solid line as a guide to the eye for each spectrum.
20 A generic asymmetric line-shape, determined for each component in situations where they were very well-resolved, was used to account for vibrational structures and electron-hole pair excitations around E F at the Cu(110) surface.
